1.. Introduction {#S001}
================

Gestational diabetes mellitus (GDM) is defined as glucose intolerance, to varying degrees of intensity, which is usually diagnosed in the second or third trimester of pregnancy \[[@CIT0001]\]. This period of pregnancy is physiologically characterized by peripheral resistance to insulin action, mainly due to increased maternal adiposity and the production of diabetogenic hormones by the placenta \[[@CIT0002]\]. In normal pregnancy, the pancreatic β-cells increase insulin secretion to compensate this resistance, thereby regulating the glycemic levels \[[@CIT0003]\]. However, in GDM there is a failure to cope with the high insulin demand, primarily due to dysfunction of pancreatic beta cells and insulin resistance, indicating that GDM operates similarly to type 2 diabetes (T2DM) and that hormonal changes of pregnancy may indicate a woman's increased susceptibility to T2DM \[[@CIT0004],[@CIT0005]\].

Maternal hyperglycemia during pregnancy may result in complications for the baby, such as macrosomia, malformations, neonatal hypoglycemia and increased fetal mortality \[[@CIT0006]\]. For pregnant women there are greater risks of having high blood pressure, infections and, cesarean delivery, and of developing DM2 after pregnancy \[[@CIT0007]\].

The development of GDM is not fully understood, but there is evidence that maternal hyperglycemia is associated with increased oxidative stress \[[@CIT0008]\], which may also be involved in the pathophysiology and maternal and fetal complications of GDM \[[@CIT0009]\]. Oxidative stress occurs when the production of reactive species, particularly reactive oxygen species (ROS), exceed the capacity of the antioxidant defense system. This process can cause damage and change the functions of biomolecules, such as lipids, proteins and DNA \[[@CIT00010]\].

In order to protect the organism from the deleterious effects of ROS, the antioxidant system is divided into enzymatic and non-enzymatic antioxidants. Enzymatic antioxidants are mainly comprised of superoxide dismutase (SOD), which converts the superoxide radical (O~2~^−.^) into hydrogen peroxide (H~2~O~2~), and glutathione peroxidase (GPx) and catalase (CAT), both of which degrade H~2~O~2~ \[[@CIT00010],[@CIT00011]\]. Non-enzymatic antioxidants can be endogenous, such as reduced glutathione (GSH), the main representative of the thiols (-SH), which are responsible for the detoxification of oxygen radicals \[[@CIT00012]\], or exogenous, such as vitamins, minerals and phenolic compounds \[[@CIT00013]\]. Vitamin C (VIT C) is an important water-soluble antioxidant, which donates electrons to break the chain reaction of lipid peroxidation and regenerates vitamin E in order to protect cell membranes from oxidative damage \[[@CIT00011]\].

Another important enzyme involved in oxidative stress is δ-aminolevulinic acid dehydratase (δ-ALA-D) \[[@CIT00014]\]. It is an essential enzyme for aerobic organisms, because it participates in heme biosynthesis, catalyzing the condensation of two δ-aminolevulinic acid molecules (δ-ALA) to form porphobilinogen (PBG) \[[@CIT00015]\]. δ-ALA-D contains thiol groups, which are required for its activity, since in pro-oxidant conditions such as hyperglycemia, these groups are oxidized and the enzyme is inhibited \[[@CIT00016]\]. When inhibited, δ-ALA-D affects heme synthesis and consequently hemoproteins, such as hemoglobin, CAT and peroxidases \[[@CIT00017]\]. Another consequence is the accumulation of δ-ALA substrate, a precursor of ROS \[[@CIT00014]\]. Due to this behavior, δ-ALA-D has been suggested as a biomarker of oxidative stress in diseases such as T2DM \[[@CIT00018],[@CIT00019]\].

Previous studies have demonstrated an increase in lipid peroxidation by measuring malondialdehyde (MDA) in the maternal circulation of women with GDM, as well as a decrease in the levels of antioxidants CAT, GSH and VIT C \[[@CIT00020]\]. However, the number of studies assessing oxidative/antioxidant status in women with GDM is still relatively limited. Similarly, there are no reports in the literature about δ-ALA-D activity in these pregnant women. Therefore, the aim of this study was to evaluate the activity of δ-ALA-D, due to its high sensitivity to oxidative situations, and its relation to biomarkers of oxidative stress in women with GDM.

2.. Materials and methods {#S002}
=========================

2.1.. Study population {#S002-S2001}
----------------------

This study included 48 women with GDM and receiving high-risk prenatal care at the University Hospital of Santa Maria. The control group consisted of 30 healthy women with low-risk pregnancies receiving care at the basic health unit (BHU) Wilson Paulo Noal. All pregnant women were in their third trimester. Diabetic pregnant women were controlling diabetes only with diet.

All the pregnant women underwent oral glucose tolerance test (75 g OGTT) screening between 24 and 28 weeks of pregnancy. In all cases, GDM was diagnosed according to the American Diabetes Association criteria \[[@CIT00023]\]. The diagnosis of GDM is made when any of the following plasma glucose values are exceeded: Fasting: ≥ 92 mg/dL (5.1 mmol/L), 1 h: ≥ 180 mg/dL (10.0 mmol/L) and 2 h: ≥ 153 mg/dL (8.5 mmol/L). Exclusion criteria for all participants included chronic systemic diseases, pre-existing diabetes (type 1 or type 2), treatment with insulin or hypoglycemiants, preeclampsia, multiple pregnancies, smoking, alcoholism and use of drugs or supplements.

Information regarding each participant was obtained through a complete questionnaire that requested data about personal characteristics, medical and dietary history. Anthropometric measurements were determined. Body mass index (BMI) was calculated as weight by height squared (kg/m²). In addition, systolic and diastolic blood pressures were measured by a calibrated mercury sphygmomanometer.

The study was approved by the Human Ethics Committee of the Federal University of Santa Maria, RS, Brazil (No. 33665314.4.0000.5346) and carried out in accordance with the Declaration of Helsinki (2000). All pregnant women received an explanation about the study before signing an informed consent form.

2.2.. Laboratory assessments {#S002-S2002}
----------------------------

Blood samples were collected from all pregnant women in the morning after an 8-hour overnight fasting period. The collection was made by venipuncture in into Vacutainer® tubes (BD Diagnostics, Plymouth, UK) containing anticoagulants. The EDTA blood tube was used for hemogram and measurement of the glycated hemoglobin. Fasting glucose was measured in a tube containing sodium fluoride. Tube containing heparin was used to obtain whole blood, plasma and erythrocytes for the determination of oxidative stress parameters. Analysis of the hemogram was determined in Sysmex® XE-5000 (Sysmex, Kobe, Japan). Plasma glucose was measured by hexokinase/glucose-6-phosphate dehydrogenase method (Glucose -- Dimension®RxLMax® -- Siemens/USA). The glycated hemoglobin A1c (HbA1c) was analyzed only in diabetic pregnant women using the cation-exchange HPLC method with a D-10 analyzer (Bio-Rad Laboratories, Hercules, CA, USA).

δ-ALA-D activity was assessed in whole blood with heparin by the method of Berlin and Schaller \[[@CIT00024]\]. The final product of the reaction, measured at 555 nm and the results were expressed in U/L (PBG nmol/h/mg Hb). The δ-ALA-D reactivation index was estimated using the equation: A-B/A\*100, where A = absorbance of δ-ALA-D with dithiothreitol (DTT) and B = absorbance of δ-ALA-D without DTT.

Lipid peroxidation was estimated in plasma and in erythrocytes by measuring thiobarbituric acid reactive substances (TBARS) according to the method of Lapenna et al. \[[@CIT00025]\]. The reaction products were measured spectrophotometrically at 532 nm and the results were expressed in nmol TBARS/mL of plasma and in nmol TBARS/mL of erythrocytes.

The concentration of protein thiol (P-SH) and non-protein thiol level (NP-SH) was determined by spectrophotometry at 412 nm, as described by Boyne and Ellman \[[@CIT00026]\] modified by Jacques-Silva et al. \[[@CIT00027]\]. The P-SH results were expressed as nmol of P-SH/mL plasma and NP-SH levels were expressed as nmol of NP-SH/mL erythrocytes.

CAT activity was quantified spectrophotometrically in erythrocytes by the method of Aebi \[[@CIT00028]\], which consists of monitoring the decomposition of H~2~O~2~ at 240 nm. The enzymatic activity was expressed as K/mg·Hb.

VIT C levels in plasma were determined according to Galley et al. \[[@CIT00029]\] with some modifications by Jacques-Silva et al. The VIT C levels were measured at 520 nm and expressed as μg vit C/mL plasma.

2.3.. Statistical analysis {#S002-S2003}
--------------------------

Statistical analysis was done with GraphPad Prism, version 6.0 (GraphPad Software, San Diego, CA, USA). The Shapiro--Wilk test was used for assessing the distribution of the variables. Variables with normal distribution were compared by Student's *t*-test and the results represented as mean ± standard deviation (SD). The Mann--Whitney test was used for variables with no-normal distribution and the results expressed as median (interquartile range). Correlations were assessed by Spearman's correlation coefficient. Values of *p* \< 0.05 were considered significant.

3.. Results {#S003}
===========

3.1.. Demographic, clinical and laboratory parameters of the studied groups {#S003-S2001}
---------------------------------------------------------------------------

Demographic, clinical and laboratory parameters of women with GDM and controls are shown in [Table 1](#T0001){ref-type="table"}. Significantly higher fasting glucose levels were found in women with GDM when compared to controls (*p *\< 0.0001). The other parameters analyzed showed no significant differences among pregnant women (*p *\> 0.05). Table 1.Demographic, clinical and laboratory parameters of the studied groups.ParametersGDM (*n *= 48)Controls (*n *= 30)Maternal age (years) 29.00 (25.00--33.00)24.00 (21.75−30.75)BMI (kg/m²)31.51 ± 4.3629.45 ± 4.32Gestational age (weeks)32.50 (30.25−36.00)33.00 (31.00−37.00)Systolic pressure (mmHg)110.00 (100.00−120.00)110.00 (100.00−110.00)Diastolic pressure (mmHg)70.00 (60.00−70.00)70.00 (60.00−70.00)Fasting blood glucose (mg/dL)96.00 (92.00−105.00)\*78.00 (69.00−81.00)HbA1c (%)5.63 ± 0.47--Erythrocytes (10^6^/mm³)4.14 ± 0.343.97 ± 0.34Hemoglobin (g/dL)11.90 (11.20−12.50)11.60 (10.80−13.20)Hematocrit (%)35.89 ± 2.5635.56 ± 2.64Platelets (×10³/mm³)228.00 ± 44.22212.30 ± 42.04Data were expressed as mean ± SD or median (interquartile range). Statistically significant differences from the controls were determined by Mann--Whitney test (\* *p *\< 0.0001).

3.2.. δ-ALA-D activity and reactivation index {#S003-S2002}
---------------------------------------------

δ-ALA-D activity and its reactivation index are presented in [Figure 1](#F0001){ref-type="fig"}(A--B). There was a decrease of δ-ALA-D activity in women with GDM, in the presence or absence of DTT reducing agent, when compared to the control group ([Figure 1](#F0001){ref-type="fig"}A) (*p *\< 0.05). Furthermore, the reactivation index of δ-ALA-D was significantly higher in women with GDM than in the control group ([Figure 1](#F0001){ref-type="fig"}B). Figure 1.(A) Activity of δ-ALA-D enzyme in women with GDM and controls. Data were expressed as median (interquartile range) in U/L. (B) Reactivation index of δ-ALA-D enzyme in women with GDM and controls. Data were expressed as median (interquartile range) in %. Statistically significant differences from the controls were determined by Mann--Whitney test (\* *p *\< 0.0001).

3.3.. Measures of oxidative stress biomarkers {#S003-S2003}
---------------------------------------------

Biomarkers of oxidative stress are shown in [Table 2](#T0002){ref-type="table"}. As can be observed, the TBARS levels of both plasma and erythrocytes were significantly higher in women with GDM than in the control group (*p *\< 0.0001). In relation to the antioxidants, the levels of P-SH and NP-SH were lower in GDM than in the control group (*p *\< 0.001). Similarly, VIT C levels (*p *\< 0.01) and CAT activity (*p *\<* *0.05) were lower in GDM. Table 2.Biomarkers of oxidative stress in women with GDM and controls.BiomarkersGDM (*n *= 48)Controls (*n *= 30)TBARS plasma (nmol/mL)5.83 ± 1.98\*\*\*\*3.93 ± 1.62TBARS erythrocytes (nmol/mL)25.14 ± 5.88\*\*\*\*16.69 ± 7.66P-SH (nmol P-SH/mL)124.5 (105.70−146.50)\*\*\*153.40 (127.20−170.90)NP-SH (nmol NP-SH/mL)712.00 ± 120.70\*\*\*829.50 ± 155.90VIT C (μg vit C/mL)10.83 ± 2.95\*\*14.03 ± 5.26CAT (K/mg·Hb)45.15 ± 8.49\*50.91 ± 11.3Data were expressed as mean ± SD or median (interquartile range). Statistically significant differences from the controls were determined by Student's *t* or Mann--Whitney test (\* *p *\< 0.05, \*\* *p *\< 0.01, \*\*\* *p *\< 0.001, \*\*\*\* *p *\< 0.0001).

3.4.. Correlations between analyzed parameters {#S003-S2004}
----------------------------------------------

Significant correlations between the parameters analyzed in women with GDM are shown in [Figure 2](#F0002){ref-type="fig"}(A--D). We observed a negative correlation between δ-ALA-D activity and the reactivation index ([Figure 2](#F0002){ref-type="fig"}(A)), a positive correlation between δ-ALA-D activity and NP-SH levels ([Figure 2](#F0002){ref-type="fig"}(B)) and a negative correlation between δ-ALA-D activity and TBARS levels in erythrocytes ([Figure 2](#F0002){ref-type="fig"}(C)). Furthermore, TBARS levels in erythrocytes were also positively correlated with fasting glucose levels ([Figure 2](#F0002){ref-type="fig"}(D)). Figure 2.Spearman correlations in women with GDM (*n *= 48). (A) Correlation between δ-ALA-D activity and the reactivation index (*r* = −0.3051, *p *= 0.0032), (B) Correlation between δ-ALA-D activity and NP-SH levels (*r* = 0.3628, *p *= 0.0113), (C) Correlation between δ-ALA-D activity and TBARS levels in erythrocytes (*r* = −0.4583, *p *= 0.0014), (D) Correlation between TBARS levels in erythrocytes and fasting glucose levels in women with GDM (*r* = 0.4220, *p *= 0.0043).

4.. Discussion {#S004}
==============

Pregnancy is a physiological period with increased susceptibility to insulin resistance and increased oxidative stress, because the placenta acts in the production of diabetogenic hormones and contributes to the generation of ROS, creating an environment rich in mitochondria with high oxygen pressure \[[@CIT0002],[@CIT00030]\]. In normal pregnancy, the ROS production rate is compensated by an increased synthesis of antioxidants \[[@CIT00031]\]. However, when the pregnancy is complicated by diabetes, excessive production of ROS overpowers antioxidant defenses, leading to increased oxidative stress \[[@CIT0009],[@CIT00022]\].

In this line, the results obtained in our study demonstrate for the first time in the literature that δ-ALA-D activity in women with GDM was significantly reduced when compared to controls. Moreover, this enzyme was associated with increased oxidative stress in GDM.

As expected, women with GDM showed a significant increase in fasting glucose levels when compared to controls ([Table 1](#T0001){ref-type="table"}). This result may be due to an inadequate secretion of insulin or reduced sensitivity to insulin, similar to typical T2DM abnormalities \[[@CIT0004]\]. There is also evidence that women with GDM form advanced glycation end-products (AGEs) \[[@CIT00032],[@CIT00033]\]. These AGEs are generally formed in chronic processes of hyperglycemia, as in T2DM and may generate an increased ROS and oxidative stress \[[@CIT00033]\]. Based on these metabolic characteristics of T2DM present in GDM, δ-ALA-D may behave similarly in these two types of diabetes, since it is sensitive to oxidative conditions such as hyperglycemia \[[@CIT00016]\].

The lower activity of δ-ALA-D in diabetic pregnant women when compared to controls ([Figure 1](#F0001){ref-type="fig"}(A)) may be associated with the disproportionate glycemic levels of these women \[[@CIT00030]\]. This finding corroborates the fact that δ-ALA-D is sensitive to hyperglycemic conditions, as in T2DM \[[@CIT00018],[@CIT00019]\].

In order to verify whether δ-ALA-D was inhibited by oxidation of thiol groups, we evaluated the reactivation index, through a reaction with DTT \[[@CIT00034]\]. In women with GDM, the reactivation index was significantly higher when compared to the controls ([Figure 1](#F0001){ref-type="fig"}(B)), in addition to being negatively correlated with δ-ALA-D activity ([Figure 2](#F0002){ref-type="fig"}A). This indicates that the thiol groups were more oxidized in GDM, resulting in reduced δ-ALA-D activity, since these groups (-SH) are vital components for its functioning \[[@CIT00034]\]. Furthermore, inhibition of δ-ALA-D leads to the accumulation of its δ-ALA substrate, which further increases the amount of ROS and is associated with the oxidation of lipid membranes and antioxidant depletion \[[@CIT00035]\], also contributing to increased oxidative stress in women with GDM.

Regarding the analysis of protein thiol (P-SH) and non-protein (NP-SH) groups, both were decreased in diabetic pregnant women when compared to controls ([Table 2](#T0002){ref-type="table"}). This result is in agreement with Rajdl et al. \[[@CIT00020]\] who attributed the reduced GSH to oxidative stress of GDM. A negative correlation between δ-ALA-D activity and NP-SH was also observed in these pregnant women ([Figure 2](#F0002){ref-type="fig"}(B)), suggesting that non-protein thiol, main constituents of GSH \[[@CIT00012]\], are easily oxidized in conditions of oxidative stress. Furthermore, GSH may be related to the reduced δ-ALA-D activity, as it is dependent on thiol groups, which may reduce or even inhibit its activity when they are oxidized.

In order to analyze lipid damage, MDA was assessed using a TBARS assay and a significant increase of lipid peroxidation was observed in women with GDM when compared to controls ([Table 2](#T0002){ref-type="table"}). Previous studies showed similar results in women with GDM \[[@CIT00020],[@CIT00022]\]. Moreover, δ-ALA-D activity was negatively correlated with TBARS levels in erythrocytes ([Figure 2](#F0002){ref-type="fig"}(C)). This suggests that ROS produced in GDM, besides damaging the lipid membrane \[[@CIT0008]\], may be responsible for oxidation of δ-ALA-D thiol groups, resulting in inhibition of this enzyme and in an increase of the total load of ROS in the organism \[[@CIT00035]\].

Some studies suggest that the increase in ROS in GDM is due to hyperglycemia, which in different pathways leads to oxidative stress \[[@CIT00021],[@CIT00036]\]. In fact, our results corroborate with this argument, because a positive correlation between TBARS in erythrocytes and fasting glucose levels in women with GDM was observed ([Figure 2](#F0002){ref-type="fig"}(D)). In addition, antioxidants such as CAT and VIT C were reduced in women with GDM when compared to controls ([Table 2](#T0002){ref-type="table"}). The reduction of CAT may reflect an adaptive and protective response of the antioxidant system to oxidative stress \[[@CIT0009],[@CIT00021]\]. Furthermore, CAT may be reduced due to it being a hemoprotein \[[@CIT00017]\] and since δ-ALA-D enzyme was reduced, this may have affected the synthesis of heme and its hemoproteins, such as CAT. The reduction of VIT C observed in women with GDM is in agreement with other studies \[[@CIT00022],[@CIT00037]\], suggesting that this antioxidant is consumed during oxidative reactions, since it is the first line of defense in aqueous solution.

5.. Conclusion {#S005}
==============

In summary this study demonstrated that there was a greater oxidative stress in women with GDM, different from the physiological stress of a normal pregnancy. The data indicate the increase in oxidative stress accompanied by decrease in δ-ALA-D activity, which was shown to be sensitive to the hyperglycemic environment that emerged during pregnancy. Thus, the use of δ-ALA-D together with other markers of oxidative stress may be important to assess metabolic processes that are debilitated, as in GDM.
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